Abstract: Superoxide dismutase (SOD) is an enzyme that protects against oxidative stress from superoxide radicals in living cells. This enzyme was extracted from sardinelle (Sardinella aurita) viscera, purified and characterized. The Cu/Zn-SOD was purified to homogeneity by the three-step procedure consisting of the heating at 65
Introduction
Reactive oxygen species (ROS), such as superoxide, hydrogen peroxide, and hydroxyl radical, are generated from normal metabolic processes in all oxygen-utilizing organisms. They can be considered a double-edged sword because on the one hand, oxygen-dependent reactions and aerobic respiration have significant advantages, but on the other, overproduction of ROS has the potential to cause damage (Buonocore et al. 2010) . Under normal conditions, ROS is effectively eliminated by the antioxidant defence system, such as antioxidant enzymes. Among these, superoxide dismutases (SODs; EC 1.15.1.1) are a class of metalloproteins containing either manganese, iron, copper or zinc as metal cofactor, that catalyze the dismutation of the superoxide anion radical into molecular oxygen and hydrogen peroxide (Pagani et al. 1995) . The phylogenetic distribution of the three types of SOD is considered to be characteristic of the evolutionary state of the organism and of the associated organelles (Steinman 1983) . The Cu/Zn-SOD is the major enzyme in animals, plants and fungi, whereas the prokaryotes (blue-green algae and bacteria) and simple eukaryotes (algae and protozoa) contain iron or manganese-SOD, with both enzymes sometimes occurring together in the same organism (Yost & Fridovich 1973) . Structural studies have shown that the iron and manganese-SOD types are closely related, but they bear little resemblance to the Cu/Zn-SOD (Stoddard et al. 1990 ). The Cu/Zn-SOD is predominantly associated with the cytosolic fraction of eukaryotes and is very sensitive to cyanide and hydrogen peroxide. Mn-SOD is associated with mitochondria and is insensitive to cyanide and hydrogen peroxide. Fe-SOD is found in prokaryotes and is not sensitive to cyanide but is inhibited by hydrogen peroxide.
The reported medical applications of SOD include serves as an anti-inflammation drug, a prevention for oncogenesis and tumour growth, and a protection against reperfusion damage of ischemic tissue (GarciaGonzalez & Ochoa 1999; Kondo et al. 1999 ).
Fish metabolism can be affected by the environmental pollution because it may enhance oxidative stress and thus disturb the natural antioxidant enzyme system. The protein sequences of SODs from some fishes have been reported (Osatomi et al., 2001; Santovito et al., 2006) . No data is currently available on the characteristics of SOD from sardinelle Sardinella aurita. Accordingly, the main objectives of the research presented here were to extract and purify the Cu/Zn-SOD from sardinelle viscera and to generate basic information about its main biochemical characteristics.
Material and methods

Chemicals
Nitroblue tetrazolium and riboflavin were purchased from Serva Chemical Company. 3-Cyclohexylamino-1-propanesulfonic acid and 2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium chloride (INT) from RANDOX, Ardmore, (UK). Trichloroacetic acid, glycine, ammonium sulphate, ethylenediaminetetraacetic acid (EDTA), trypsin and chymotrypsin were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Tris (hydroxymethyl) aminomethane was procured from Panreac Quimica SA (Barcelona, Spain). Imidazole was obtained from MP biomedicals, LLC (France). Sodium dodecyl sulphate (SDS), acrylamide (New Jersey, USA), ammonium persulphate, tetramethylethylenediamine, Coomassie Brilliant Blue R-250 were from Bio-Rad Laboratories (Mexico City, Mexico). Sephadex G-100 was from Pharmacia Biotech (Uppsala, Sweden). Polyvinylidene difluoride (PVDF) membrane was purchased from Applied Biosystems (Roissy, France). All other reagents were of analytical grade.
Sardinelle viscera
Sardinelle (S. aurita) was purchased from the fish market of Sfax City, Tunisia. The samples were packed in polyethylene bags, placed in ice with a sample/ice ratio of approximately 1:3 (w/w) and transported to the research laboratory within 20 min. Viscera were separated and then stored in sealed plastic bags at -20
• C until used for enzyme extraction.
Preparation of crude enzyme extract
Whole viscera from S. aurita were washed with distilled water then with buffer A (10 mM phosphate buffer, pH 7.0). The cleaned viscera (100 g) were defatted by homogenization with cold acetone for 30 s in a tissue homogenizer. The homogenate was filtered. The acetone-insoluble material was washed several times with cold acetone, and then dried overnight at room temperature. The acetone dried powder was homogenized for 2 h with buffer A at 4
• C (ratio of 1:10) and then centrifuged at 10,000×g for 30 min at 4
The pellet was discarded and the supernatant was collected and used as the crude SOD extract.
Enzyme purification Heat treatment. Crude extract (100 mL) was heat-treated in a water bath at 65
• C for 15 min with continuous stirring, followed by immediate cooling in ice-water and then was centrifuged at 10,000×g for 15 min at 4
• C. Ammonium sulphate precipitation. The heated crude enzyme extract was subjected to ammonium sulphate fractionation. Ammonium sulphate fractions of 0-30%, 30-60% and 60-80% (w/v) were collected by centrifugation for 15 min at 10,000×g. The precipitate obtained in each fraction was suspended in a minimal volume of buffer A and then dialysed for 24 h at 4
• C against repeated changes of the same buffer [dialysis tubing MWCO 6-800 (Biovalley, Conches, France)].
Sephadex G-100 gel filtration. The 30-60% (w/v) ammonium sulphate fraction was subjected to gel filtration on a Sephadex G-100 column (2.6 cm × 150 cm) equilibrated with buffer B (25 mM phosphate buffer, pH 7.0, containing 0.5flow rate of 29 mL/h with the same buffer. Protein content (absorbance at 280 nm) and SOD activity were determined. Fractions showing high SOD activity were pooled. The purification was conducted at temperatures not exceeding 4
Polyacrylamide gel electrophoresis and estimation of molecular mass. SDS-PAGE was carried out to determine the purity and molecular weight of the enzyme as described by Laemmli (1970) , using a 5% (w/v) stacking gel and a 15% (w/v) separating gels. Samples were prepared by mixing the purified enzyme at 1:5 (v/v) ratio with the SDS-PAGE sample buffer [10 mM Tris-HCl (pH 8.0), 2.5% SDS, 10% glycerol, 5% β-mercaptoethanol and 0.002% bromophenol blue]. Samples were heated at 100
• C for 5 min before loading in the gel. After electrophoresis, the gel was stained with 0.25% Coomassie Brilliant Blue R-250 in 45% ethanol-10% acetic acid and destained with 5% ethanol-7.5% acetic acid. The molecular weight of the enzyme was estimated using a lowmolecular weight calibration kit as markers (Sigma), consisting of: (i) bovine serum albumin (66,000 Da); (ii) ovalbumin (45,000 Da); (iii) carbonic anhydrase (29,000 Da); (iv) soybean trypsin inhibitor (20,100 Da); and (v) α lactoalbumin (14,200 Da).
The determination of the molecular weight by gel filtration G-125 was carried out on HPLC column equilibrated with 25 mM phosphate buffer, pH 7.0, and calibrated with the following molecular weight standards: (i) tyroglobulin (670,000 Da); (ii) γ-globulin (158,000 Da); (iii) ovalbumin (44,000 Da); (iv) myoglobin (17,000 Da); and (v) vitamin B12 (1,350 Da).
SOD assay by activity staining on native PAGE. After electrophoresis on native polyacrylamide gel, a modified photochemical method of Beauchamp & Fridovich (1971) was used to locate SOD activity on gel. The gel was first soaked in 25 mL of 1.23 mM nitroblue tetrazolium for 15 min, briefly washed, then soaked in the dark in 30 mL of 100 mM potassium phosphate buffer (pH 7.0) containing 28 mM tetramethylethylenediamine and 28 µM riboflavin. The gel was briefly washed again, and then illuminated on a light box with a light intensity.
Protein determination. Protein concentration was determined by the method of Bradford (1976) using bovine serum albumin as a standard, and during the course of enzyme purification by measuring the absorbance at 280 nm on a spectrophotometer (T70, UV/VIS spectrometer, PG Instruments Ltd., China).
Determination of the N-terminal amino acid sequence of S. aurita purified SOD. The purified SOD, from G-100 gel filtration, was applied to SDS-PAGE and then transferred to a PVDF membrane. After brief staining with Coomassie Brilliant Blue R-250, the PVDF band corresponding to the enzyme was excised and the N-terminal amino acid sequence was determined by the Edman degradation method on an automated ABI Procise 494 protein sequencer (Applied Biosystems).
SOD activity assay. The SOD activity was measured using a RANSOD kit (RANDOX, Ardmore, UK). This method employs xanthine and xanthine oxidase to generate superoxide radicals which react with INT to form a red formazan dye. The SOD activity was then measured by the degree of inhibition of this reaction by means of the decrease in absorbance at 505 nm, 37
• C, determined using a spectrophotometer (T70, UV/VIS spectrometer, PG Instruments Ltd., China).
The assay solution (1 mL) contained 40 mM 3-cyclohexylamino-1-propanesulfonic acid (pH 10.2), 0.94 mM EDTA, 0.05 mM xanthine, 0.025 mM INT, and 0.01 unit of xanthine oxidase. The amount of SOD added was adjusted to obtain the rate of INT reduction at 25
• C over the initial 3 min time interval, measured as the absorbance at 505 nm that fell within the percentage of inhibition that could be transformed into units of SOD by referring to a standard curve according to the instruction manual. One unit of SOD is that which causes a 50% inhibition of the rate of reduction of INT under the conditions of the assay.
Biochemical properties of the purified enzyme
The homogenous enzyme sample recovered from Sephadex G-100 column was concentrated before use by ultrafiltration using a 10-kDa membrane.
Effects of pH and temperature on activity of SOD. The effect of pH on enzymatic activity was studied over a pH range of 5.0-12.0 at 37
• C. The buffers used were 0.2 M sodium acetate buffer (pH 5.0-6.0), 0.2 M phosphate buffer (pH 7.0), 0.2 M Tris-HCl buffer (pH 8.0), 0.2 M glycineNaOH buffer (pH 9.0-11.0) and 0.2 M Na2HPO4-NaOH buffer (pH 12.0). To investigate the effect of temperature, SOD activity was determined by incubating the reaction mixture at different temperatures ranging from 25 to 70
• C for 15 min at pH 7.0.
pH and thermal stability of SOD. The effect of pH on enzyme stability was evaluated by measuring the residual activity after incubation at various pH values for 60 min at 4
• C. For thermal stability, the purified SOD, in 0.2 M phosphate buffer pH 7.0, was heated for 60 min at different temperatures (30-70
• C) and then immediately cooled on ice and assayed for SOD activity. The non-heated enzyme was considered to be the control (100% activity).
Effets of chemicals and enzyme inhibitors on the activity of SOD from S. aurita. The enzyme solution was supplemented with chemicals and or enzyme inhibitors at different concentrations 0.5 mM, 1 mM or 5 mM and incubated for 1 h at 37
• C, and then the remaining enzyme activity was tested. The activity of the enzyme assayed in the absence of inhibitors was taken as control.
Statistical analysis
Statistical analyses were performed with Statgraphics v5.1, professional edition (Manugistics Corp., USA) using the ANOVA analysis. Differences were considered significant at p < 0.05. Fig. 1 . Purification profile of Cu/Zn-SOD from sardinelle (S. aurita) viscera by gel filtration on a Sephadex G-100 column. The enzyme preparation (30-60% saturation with ammonium sulphate) was applied to a 2.6 cm × 150 cm column, equilibrated and eluted with buffer B at a flow rate of 29 mL/h. Fractions (5 mL) collected from the column were assayed for proteins content at 280 nm and trypsin activity as described in Materials and Methods. The fractions containing high SOD activities and low OD (79-83) were pooled.
Results and discussion
SOD purification
The SOD was purified from the viscera of S. aurita by the three-step procedure described in Materials and Methods section. First, the crude enzyme extract was heated at 65
• C for 15 min. This step resulted in an increase in the specific activity. Heat treatment has proven to be an important strategy for purification of thermostable enzymes; it denaturates thermolabile proteins in the crude extract (Bezerra et al. 2001) . Then, the heated crude enzyme was fractionated with ammonium sulphate. The fraction F2 (30-60% w/v saturation) showed higher specific activity (82.16 U/mg protein) than fraction F1 (0-30%; 2.43 U/mg). No activity was detected in F3 (60-80%) and in the final supernatant. Finally, the 30-60% (w/v) ammonium sulphate precipitate, which gave the highest specific activity, was then subjected to Sephadex G-100 gel filtration (Fig. 1 ). This procedure yielded one peak of SOD activity. Fractions containing SOD activity were pooled and then lyophilized.
The results of the purification procedure are summarized in Table 1 . After the final purification step, the SOD was purified 7.17 fold with a recovery of 15.96% and a specific activity of 228.19 U/mg proteins.
The molecular weight of the SOD was determined to be 40 kDa by gel filtration G-125 on HPLC column (Craig et al. 2007 ); X. hellerii (ADJ57704); R. canadum (ABI96913); S. torazame (Nam et al. 2006) ; O. fasciatus (Nam et al. 2005) ; O. mossambicus (AAR82969); E. malabaricus (AAK62563); M. salmoides (ACJ67884); E. caballus (Ishida et al. 1999) ; C. jacchus (Fukuhara et al. 2002) ; Mus musculus (Benedetto et al. 1991) . equilibrated with 25 mM phosphate buffer at pH 7.0 (data not shown). The purified enzyme gave a single band of 20 kDa on SDS-PAGE (Fig. 2a) . Thus the native enzyme appeared to be a homodimer. The purity of the enzyme was also evaluated using zymogram activity staining. As shown in Figure 2b , a unique clear band of SOD activity was observed in the native-PAGE, indicating the homogeneity of the purified enzyme. The molecular weight of S. aurita SOD was higher than that of black porgy muscle Cu/Zn-SOD (33 kDa) (Lin et al. 2001 ) and of the Japanese flounder (Paralichthys olivaceus) hepatopancreas Cu/Zn-SOD (36 kDa) (Osatomi et al. 2001) , which have two subunits. It was simultaneously lower than that of plaice (Paralichthys olivaceus) skin Cu,Zn-SOD, which is composed of four the same subunits of 16 kDa and its molecular weight was found to be around 65 kDa (Nakano et al., 1995) .
N-terminal amino acid sequence of S. aurita Cu/Zn-SOD The 15 amino-acid N-terminal sequence of the purified enzyme was determined to be: VLKAVCVLKGT-GEVT. This sequence was aligned with the sequences of other fish SODs. As shown in Figure 3 , the N-terminal amino acid sequence is closely similar with those of S. aurita SOD, which showed 92% identity with Cu/Zn- SOD of Oreochromis mossambicus and Micropterus salmoides (GenBank accession No. AAR82969), 86% identity with Cu/Zn-SOD of M. salmoides (ACJ67884), Xiphophorus hellerii (ADJ57704), Rachycentron canadum (ABI96913) and Oplegnathus fasciatus (Nam et al. 2005) .
The enzyme from S. aurita differs from those of Xiphophorus hellerii (GenBank accession No. ADJ57 704), Rachycentron canadum (ABI96913) and Oplegnathus fasciatus (Nam et al. 2005) by two amino acids. The Thr11 and Val14 in S. aurita SOD were replaced by Ala11 and Thr14.
The sequence of S. aurita also showed a high degree of sequence similarity with Cu/Zn-SODs from other animals, such as SOD from Equus caballus 84 % (Ishida et al. 1999) , Callithrix jacchus 74% (Fukuhara et al. 2002) and Mus musculus 84% (Benedetto et al. 1991) . These data further indicate that the purified enzyme is Cu/Zn-SOD.
Effect of pH on enzyme activity and stability
The pH activity profile of the purified Cu/Zn-SOD was determined using different buffers of varying pH values. The purified enzyme was active between pH 5.0 and 10.0, with an optimum around pH 7.0 (Fig. 4a) . The relative activities at pH 6.0 and 8.0 were about 85% and 66%, respectively, of that at pH 7.0. As can be seen in Figure 4a , protease activity decreased significantly above pH 7.0 and was 49% and 35% of the maximum activity at pH 9.0 and 11.0, respectively.
The pH stability profile showed that the purified enzyme is highly stable at pH 7.0. At pH 6.0 and 9.0, the enzyme retained, respectively, about 78% and 75% of the activity after 1 h incubation at 37
• C. The pH stability of S. aurita SOD is different from black porgy muscle Cu/Zn-SOD, which was stable in the pH range from 5.8 to 11.2 (GenBank accession No. AAK62563).
Effect of temperature on enzyme activity and stability Temperature profile of Cu/Zn-SOD from S. aurita is depicted in Figure 5a • C were about 80% and 73%, respectively, of that at 40
The thermal stability profile of the purified Cu/Zn-SOD showed that the enzyme is highly stable at temperatures below 50
• C but was inactivated at higher temperatures (Fig. 5b) . It retained more than 85% of its initial activity after 1 h incubation at 50
• C, while 45% and 37% of the maximal activity remained after incubation at 60
• C and 70
• C, respectively. The thermal stability of S. aurita SOD is higher than that of P. olivaceus skin Cu,Zn-SOD, which was completely inactivated at 70
• C (Nakano et al. 1995) . Generally, Cu/Zn-SOD is known to have a very stable three-dimensional structure and to show unusually high thermal stability (Tainer et al. 1982; Roe et al. 1988) . It is suggested that hydrophobic regions of the protein might play an especially important role in its thermal stability (Mozhaev 1993) . The thermal stability of S. aurita SOD was higher than that of Japanese flounder Cu/Zn-SOD, which retained less than 10% of its original activity after 60 min at 60
• C (Osatomi et al. 2001 ).
Effects of chemicals and enzyme inhibitors on the activity of SOD from S. aurita Three types of SOD, Mn-SOD, Fe-SOD and Cu/Zn-SOD are distinguished by their sensitivity to inhibitors. Cu/Zn-SOD are generally known to be CN-sensitive enzymes (Donnelly et al. 1989) , while Mn-SOD and Fe-SOD are insensitive to cyanide.
In order to confirm the type of the enzyme, SOD was incubated with KCN and H 2 O 2 (0.5 mM, 1 mM or 5 mM) for 1 h at 37
• C and then the remaining enzyme activity was tested. As demonstrated in Fig. 6 , the purified enzyme was highly affected by KCN and H 2 O 2 . At 5 mM of KCN, the enzyme was completely inhibited and about 90% of the enzyme activity of sardinelle SOD was least of the treatment with 5 mM H 2 O 2 . These results indicated that the purified SOD from S. aurita viscera could be a Cu/Zn-SOD because Fe-SOD can only be inhibited by H 2 O 2 , while Mn-SOD is insensitive to both reagents. In crustaceans, three types of SOD: cytosolic Mn-SOD, mitochondrial Mn-SOD and extracellular Cu/Zn-SOD have been cloned from blue crab C. sapidus (Donnelly et al. 1989 ). Decapod crustaceans have one extracellular Cu/Zn-SOD, and showed a completely different sequence from their cytosolic Mn-SOD (Brouwer et al. 2003; Johansson et al. 1999) . Both Cu/Zn-SOD and Mn-SOD have been reported to be present in shore crab C. maenas (Orbea et al. 2000) and blue crab C. sapidus (Brouwer et al. 2003) .
The influence of various chemicals and inhibitors on SOD activity revealed that it was inhibited by EDTA at 50% (5 mM) (Fig. 6) , while the inhibition by other inhibitors was not remarkable. The present work indicated that SDS at 5 mM has no effect on the activity of SOD.
Conclusion
SOD plays an important role in antioxidant defence pathways in response to oxidative stress. In this study we have described the purification to homogeneity and some properties of Cu/Zn-SOD from sardinelle (S. aurita) viscera. The enzyme was purified by a three-step procedure. The purified enzyme was homogenous on SDS-PAGE and native-PAGE. The molecular weight of the purified enzyme was determined to be 40 kDa by G-125 gel filtration on HPLC column. The subunit size of the purified SOD was estimated to be 20 kDa by SDS-PAGE. The enzyme showed an optimum pH of 7.0. It was stable at a pH range of 6.0-9.0 and had a high thermostability with 85% activity retained after 60 min incubation at 50 • C. The N-terminal sequence of the Cu/Zn-SOD exhibited a high degree of sequence similarity with Cu/Zn-SODs from fishes and others animals. It was also resistant to detergent (SDS).
